Paracoccidioides brasiliensis is a thermo-dimorphic fungus that causes a human systemic mycosis with high incidence in Latin America. Owing to their participation in the control of pathogen morphogenesis, differentiation and virulence, it was decided to characterize ras genes in P. brasiliensis. ras1 and ras2 were identified to be coding for two different proteins with high identity. The ras transcriptional pattern was investigated by reverse transcription PCR (RT-PCR) during mycelium-to-yeast (M ! Y) transition, heat shock at 42 1C and after internalization of yeast cells by murine macrophages. Both genes were downregulated inside macrophages and ras1, at 42 1C. In contrast, ras genes did not show any transcriptional variation during the M ! Y transition. The fact that Ras proteins are attached to the membrane via farnesylation prompted the use of a farnesyltransferase inhibitor to investigate the importance of this process for vegetative growth and dimorphic transition. Farnesylation blockage interfered with the vegetative growth of yeast cells and stimulated germinative tube production even at 37 1C. During Y ! M transition, the inhibitor increased filamentation in a dose-dependent manner, indicating that impaired farnesylation favours the mycelium form of P. brasiliensis. The results suggest that ras genes might have a role in dimorphism, heat shock response and in host-pathogen interaction.
Introduction
Paracoccidioides brasiliensis (Pb) is the aetiological agent of the paracoccidioidomycoses (PCM), one of the human systemic mycosis with a high prevalence in Latin America (Brummer et al., 1993) . About 10 million people are estimated to be infected with this pathogen (Restrepo et al., 2001) . Despite the high incidence, little is known about how the infective form enters its host. The main hypothesis is that the disease is acquired through inhalation of propagules, because the ecological niche of this fungus is probably the soil (De Albornoz, 1971; Ferreira et al., 1990; SilvaVergara et al., 1998) .
Paracoccidioides brasiliensis is a thermo-dimorphic fungus, appearing as a mycelium at 22 1C and as yeast at 37 1C. Both forms are multinucleated (San-Blas, 1993) . No teleomorphic (sexual) state has been determined as of now; the same is also true for the exact ploidy, all of which makes classical genetic analysis unfeasible. Genome size ranges from 25.8 to 75.6 Mb, while the estimated ploidy and number of nuclei per cell varies with the isolate (Feitosa et al., 2003) . Some strains that are unable to switch from mycelium to yeast are avirulent, which implies that the pathogenicity of P. brasiliensis appears to be related to the ability to differentiate (San-Blas & Nino-Vega, 2001 ). The components of the signalling pathways of P. brasiliensis such as cAMP/PKA, Ca 21 /calmodulin-calcineurin (de Carvalho et al., 2003) and MAP-kinases were found in P. brasiliensis through transcriptome analysis and reverse annotation Fernandes et al., 2005) .
The ras genes are conserved from fungi to humans (Barbacid, 1987) . Some mutations that cause dominant activation of RAS are highly associated with tumours in mammalian cells (Barbacid, 1987) . The Ras proteins belong to a small GTP-binding proteins family with GTPase activity. The conversion of Ras from an inactive GDP-bound form to an active GTP-bound one occurs in response to a variety of extracellular stimuli (Wiesmuller & Wittinghofer, 1994) . For Ras proteins to work properly, they must be attached to the membrane by the addition of a farnesyl group, a lipid intermediate from ergosterol biosynthesis in fungi, to their carboxy terminal region, a step catalysed by the farnesyltransferase enzyme. Ras genes have been identified as key components in signalling cascades in diverse fungi species such as Saccharomyces cerevisiae (DeFeo-Jones et al., 1983) , Cryptococcus neoformans (Alspaugh et al., 2000; Waugh et al., 2002) , Candida albicans (Feng et al., 1999; Leberer et al., 2001) , Aspergillus fumigatus (Fortwendel et al., 2004 (Fortwendel et al., , 2005 Penicillium marneffei (Boyce et al., 2005) , and others. In these organisms, Ras proteins act as sensors of environmental conditions to control diverse cellular processes including cell cycle progression, cAMP synthesis, cell differentiation and morphogenesis, cytoskeleton organization and expression of virulence genes in pathogens. In the budding yeast S. cerevisiae, Ras proteins are involved in the life span, response to stress including heat shock and also control of the nutritional state of the cell (Breviario et al., 1986; Engelberg et al., 1994; Wang et al., 2004) .
In the present work, two ras genes have been identifiedras1 and ras2 -and Southern blot analysis showed one copy of each in the genome of the human pathogen P. brasiliensis. As these genes are involved in cell morphogenesis and differentiation, response to heat shock and nutrient deprivation, it was decided to assess the transcriptional response of ras1 and ras2 during the temperature-dependent dimorphic switch from mycelium to yeast, during heat shock at 42 1C and during in vivo macrophage infection. To evaluate the potential role of Ras in P. brasiliensis, fungal cells were treated with a farnesyltransferase (FPT) inhibitor on vegetative growth of mycelium and yeast and during the dimorphic switch.
Materials and methods

Paracoccidioides brasiliensis strain and growth conditions
The clinical isolate of P. brasiliensis strain Pb01 (ATCC-MYA-826) was maintained as yeast cells at 37 1C in FavaNetto semisolid medium consisting of 0.3% protease peptone, 1% peptone, 0.5% beef extract, 0.5% yeast extract, 4% glucose, 0.5% NaCl and 1.6% agar, pH 7.2 (Fava-Netto, 1961) . The mycelium form of P. brasiliensis was maintained on potato agar medium at 22 1C. For in vivo assays, the yeast form of P. brasiliensis was grown in Fava-Netto semisolid medium for 7 days before infection of murine macrophages or use as control. Heat-shocked yeast cells were obtained by changing the temperature of 15 mL aliquots of a YPD (1% yeast extract, 2% peptone, 2% glucose, pH 7.2) culture (10 7 cells mL À1 ) from 37 to 42 1C. The dimorphic transition from mycelium to yeast was induced as described by Venancio et al. (2002) .
Identification of P. brasiliensis ras genes
A BLAST search at the Genbank (http://www.ncbi.nlm.nih.-gov) of the putative protein sequence Ras1 from Cryptococcus neoformans (AF294647) identified a 450-bp expressed sequence tag (EST) (BQ493380) deposited by Goldman et al. (2003) corresponding to the 3 0 ras1 region of the P. brasiliensis isolate Pb18. Based on the fragment found in GenBank, the primers were designed (ras1-GSP1-GCGA GAACAATACATGCGCACAGGCG and ras1-GSP2-GATAC CACACGTTCCTTCTCCAAGTCGC) for RACE experiments. Both 5 0 and 3 0 RACE fragments (BD Smart TM Race cDNA Amplification Kit, TaKaRa Clontech) were obtained and sequenced using a 'MegaBACE 1000' (GE Healthcare). The sequences were analyzed through the BioEdit alignment editor (http://www.mbio.ncsu.edu/ BioEdit/bioedit.html).
The ras2 of P. brasiliensis (Pb01 isolate) was first identified in the Pb01 transcriptome project analysis . The Cryptococcus neoformans RAS2 gene sequence was used to BLAST search on the P. brasiliensis assembled EST (PbAEST) Bank, thus identifying PbA-EST983, which shows 76.5% identity to the probe and had an alignment E-value of 1e À 09. The corresponding clone was sequenced and found to be the ras2 gene of P. brasiliensis isolate Pb01. Based on ras1 and ras2 sequences, PCR amplification was carried out using genomic DNA as a template to reconstitute the complete gene sequences and to evaluate the presence of introns.
Total RNA extraction of P. brasiliensis Paracoccidioides brasiliensis total RNA was extracted using Trizol reagent (Invitrogen), following the suppliers' recommendations, as described previously (Venancio et al., 2002) . To remove any genomic DNA contamination, RNA was treated with RNAse-free-DNAse I (Promega), followed by enzyme inactivation (EDTA 2.5 mM; 65 1C/10 min) and ethanol precipitation.
Infection of the J774 macrophage cell line with P. brasiliensis yeast cells and total RNA extraction
The experiments were performed according to Tavares et al., 2007 . Briefly, the macrophage-like cell line J774.1 (ATCC TIB-67) was cultured as an adherent monolayer in RPMI-1640, and then infected with 2 Â 10 6 opsonized yeast cells, with a yeast-to-macrophage ratio of 1 : 5, and incubated for 9 h at 37 1C in an atmosphere containing 5% CO 2 . Yeast cells that were not internalized in the period were removed by washing with warmed RPMI-1640 and macrophages were lysed with a guanidine thiocyanate-based solution (Monahan et al., 2002) . Intact fungi were harvested by a rapid centrifugation, followed by Trizol RNA extraction, and amplification using the MessageAmp aRNA kit (Ambion) was performed. A single macrophage infection experiment produces about 3 mg of P. brasiliensis RNA; because of this limitation, the RNA yields from three to four independent macrophage infection experiments were pooled. Total RNA from P. brasiliensis yeast cells cultured in Fava-Netto's medium for 7 days was extracted and amplified exactly as described above, and used as a control.
Southern blot
Total DNA was extracted following Raeder & Broda (1985) . One hundred micrograms of DNA were digested with the restriction endonucleases BamHI (QBiogene), EcoRI, HindIII and PstI (all from Promega) in the proportion of 5 U mg À1 DNA as recommended by Sambrook & Russel (2001) . All digestions were carried out at 37 1C and incubated overnight. Ten micrograms of DNA from each digestion were electrophoresed in a 0.8% agarose gel. The gel was blotted onto a charged nylon membrane (GE Healthcare) by upward capillary transfer. The ras1 and ras2 cDNA probes were amplified by PCR using specific primers (for ras1: ras1/ 1-5 0 -CTTGCTGGTCTACTCCATCACTTC, ras1/3-3 0 -CAG ATGAATACGAGGACATCTC; for ras2: ras2/1-5 0 -CAAC GGGACTCAGCTACC, ras2/2-3 0 -CCACAAGCATTACTG-GAAC). A total of 10 ng of purified product were chemically labelled using the AlkPhos Direct labelling and detection system (GE Healtchare). All procedures were based on the suppliers' recommendations.
Semiquantitative reverse transcription (sqRT)-PCR
The transcriptional analysis of P. brasiliensis ras1 and ras2 was carried out using the sqRT-PCR methodology. Briefly, the cDNA first strand was synthesized from 2 mg of DNAsetreated total RNA using the SuperScript II Reverse Transcriptase (Invitrogen) following the supplier's recommendations. Five microlitres of reaction were amplified in a final reaction volume of 25 mL containing Taq DNA polymerase buffer 1 Â , 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.2 mM specific primers (ras1: ras1/1-5 0 -CTTGCTGGTCTACTCCATCAC TTC, ras1/3-3 0 -CAGATGAATACG AGGACATCTC or ras2: ras2/1-5 0 -CAACGGGACTCAGCTACC, ras2/4-3 0 -GGAGA GCTCCATCATTTCCC), 2 U of Taq DNA polymerase (Cenbiot-RS/Brazil) and 0.2 mM l34 ribosomal protein or clathrin light-chain primers (clat) as internal controls (l34:
The PCR programme consisted of a first step of denaturation (94 1C for 2 min), 24 cycles of 94 1C for 1 min, 60 1C for 1 min and 72 1C for 1 min, and a final extension at 72 1C for 10 min. The appropriate number of cycles, in which the amplification is on the exponential range, was defined by testing a range from 24 to 35. The optimal number of cycles should be in the same range for the specific gene of interest and for the housekeeping gene used as an internal control (Marone et al., 2001) . Because the intensity of specific amplification products reached a plateau at around 30 cycles (data not shown), all semiquantitative analyses used 24 cycles. Amplicons were analysed by 1.5% agarose gel electrophoresis. Each set of reactions always included a negative control containing RNA instead of cDNA, to rule out genomic DNA contamination. The quantification of gene expression levels was performed by densitometry analysis (SCION IMAGE software) available online (http://www.scioncorp.com). Amplified product intensity was expressed as relative absorbance units (AU). The ratio between the relative AU determined for the amplified gene of interest and the internal control was calculated to normalize variations for sample concentration and as a control for reaction efficiency. The mean and SE of all performed experiments were calculated relative to the amplification of the control gene. Statistical analyses were performed using the software 'MYNOVA' , version 1.3 (S. Brooks, Copyright 1993). The statistical test applied was Student's ttest. A P value 0.05 was considered to be significant.
Drug susceptibility testing
Drug susceptibility tests were adapted from the international standard M27-A2 (National Committee for Clinical Laboratory Standards, 2002). Paracoccidioides brasiliensis yeast cells were grown on Fava-Netto semisolid medium for 5-7 days at 37 1C, harvested and diluted in RPMI-1640 medium to a final concentration of 10 5 cells mL À1 . The experiment was carried out in U-shaped 96-well plates with 100 mL of final volume per well. Amphotericin B was also used as a control and the concentrations assayed varied from 4 mg mL À1 to 0.39 ng mL (3,7,11-trimethyl-2,6 ,10-dodecatrienyl)oxy]amino] ethyl]phosphonic acid, (2,2-dimethyl-1-oxopropoxy) methyl ester, Na) (Calbiochem) was resuspended and diluted in the culture media at concentrations varying from 500 to 0.43 mM. The microplate was incubated for 7-10 days at 37 1C. Yeast growth inhibition was quantified via the OD 595 nm , and each drug concentration was tested in triplicate.
To assess the effect of FPT inhibitor III on the vegetative growth of yeast and mycelium of P. brasiliensis, the same procedure was performed, except that the culture medium used was the defined McVeigh Morton (MVM) medium (Restrepo & Jiménez, 1980) supplemented with 2% glucose as described previously by Hahn & Hamdan (2000) . For the mycelium, hyphal fragments were inoculated into brain heart infusion (BHI) and growth was allowed for 10 days at 22 1C under agitation of 150 r.p.m. The supernatant was then removed and hyphae were washed three times with 0.9% saline solution and dispersed by passing through a hypodermic syringe with a 30-gauge needle to produce small mycelium fragments, which were counted in a haematocytometer. The density was adjusted to about 10 5 fragments mL À1 . The microplate was incubated for 10 days at 22 1C.
FPT inhibitor III testing during the P. brasiliensis differentiation
The effect of the farnesylation inhibitor on the P. brasiliensis temperature-driven dimorphic transition was determined on the same concentrations assayed previously for the MIC testing. Inocula for yeast and mycelium were also prepared as described above. After preparation, yeast and mycelium plates were kept for 48 h at 37 and 22 1C, respectively. Each plate was then shifted to the other temperature to allow dimorphic transition and incubated for 10 days. After the incubation period, cell morphology was observed under a Nikon microscope. Pictures were taken using a Sony DSC-W5 digital camera and threefold optical zoom.
Results and discussion
Identification and molecular characterization of ras1 and ras2 genes in P. brasiliensis
The ras1 gene is composed of two exons separated by a single intron of 99 bp. The ras1 636-bp ORF encodes a putative protein sequence of 212 amino acids with four conserved GTP-binding domains, an effector domain and the farnesylation site (CVIM). The complete ras1 sequence was deposited at GenBank under accession number DQ157363. The ras2 gene contains two exons separated by one intron of 89 bp, an ORF of 714 bp that codifies a putative protein of 238 amino acids also with the same five domains and a farnesylation site (CLIL). All these consensus motifs are characteristic of Ras proteins (Bourne et al., 1991) . The complete ras2 sequence was deposited at GenBank under accession number AY910576 (Fig. 1a) .
The in silico analysis of the P. brasiliensis Ras1 and Ras2 deduced protein sequences revealed through a multi-alignment programme that all Ras-GTPases are closely related. A BLAST search showed that both P. brasiliensis Ras are highly conserved relative to other fungi, with similarity varying from 45.7% to 79.3% for Ras1 and 39% to 82% for Ras2; the best matches were to A. fumigatus RasA and RasB, respectively. A similarity and identity of 41.3% and 51.4%, respectively, were observed between P. brasiliensis Ras1 and Ras2. Molecular masses were estimated at 24.19 kDa (Ras1) and 26.51 kDa (Ras2), well in the range of small GTPases.
The comparison of Ras sequences shows them to be quite conserved on the four GTP-binding sites and the effector domain, but the prenylation site is variable. It is important to note that the prenylation site (CAAX) of Ras2, which is CLIL, has leucine for X, which favours the addition of a geranyl group instead of a farnesyl group as expected for the Ras-GTPase family. The presence of a leucine as X in the carboxy region is also observed in Cryptococcus neoformans Ras1 (CVVL) and A. fumigatus RasB (CVIL). Special attention must be given to the Ras2 region of about 20-30 amino acids that is absent in Ras1 (Fig. 1a ). This region (22 amino acid residues in P. brasiliensis) is found in almost all Ras2 sequences analysed, including A. fumigatus RasB, Cryptococcus neoformans Ras2 and Neurospora crassa Ras2. A phylogenetic tree based on sequence homology has been generated in which it is clear that Ras1 and Ras2 groups are clustered apart. Both P. brasiliensis Ras are grouped alongside Ras proteins from A. fumigatus and N. crassa, suggesting that these fungi are in close proximity (Fig. 1b) .
To confirm the presence and the copy number of the two ras genes in P. brasiliensis isolate Pb01, EcoRI, HindIII and PstI were chosen, which do not have cut within either sequence, to digest genomic DNA. BamHI has one site in ras2 but not in ras1. It is important to mention that the probe for ras2 hybridization was the 75 bp corresponding to the 22-residue region that is not present in the ras1 sequence, thus enabling specific hybridization of ras2 and not ras1. For the ras1 probe, the 300 bp of the 3 0 region was we selected because of its low similarity to ras2.
Hybridization detection revealed a single band in all lanes probed for each gene (Fig. 2 ). These results demonstrate that P. brasiliensis has two different ras genes, ras1 and ras2, on its genome as observed for most other fungi, except for Candida albicans and Schizosaccharomyces pombe, in whose genome just one RAS gene was identified (Fukui & Kaziro, 1985; Leberer et al., 2001 ).
Transcriptional profiles of P. brasiliensis ras1 and ras2 under different conditions
To investigate the ras transcriptional pattern a Northernblot analysis was first performed using RNA extracted from mycelium and yeast of P. brasiliensis but could be detected no transcripts of either ras genes under any conditions, even with 15 mg of total RNA per lane (data not shown). Such an impossibility using this same approach was previously reported for the ras genes of Cryptococcus neoformans (Waugh et al., 2002) , A. fumigatus (Fortwendel et al., 2004) and P. marneffei (Boyce et al., 2005) . It was decided to evaluate the ras transcriptional pattern by semiquantitative RT-PCR. As was no information about the ras1 and ras2 in the pathobiology of P. brasiliensis, we decided to analyse the transcriptional pattern of ras genes on the temperaturedependent dimorphic transition from mycelium to yeast, under heat shock at 42 1C, and during internalization of yeast in murine macrophage cells, which mimics several aspects of host infection.
In vitro expression of P. brasiliensis ras1 and ras2 during dimorphism and under heat shock at 42 1C As Ras proteins are key components of cascades controlling cellular events such as serum-induced pseudo-filament Fig. 2 . Paracoccidioides brasiliensis ras1 and ras2 copy numbers by Southern blot analysis. Ten-micrograms total DNA samples digested with the restriction endonucleases BamHI (B), EcoRI (E), HindIII (H) and PstI (P) were loaded and separated by 0.8% agarose gel electrophoresis, blotted onto a charged nylon membrane and hybridized against chemically labelled ras1 (a) and ras2 (b). The sizes in kb of hybridized bands are estimated at the bottom of each panel. formation in Candida albicans (Feng et al., 1999; Leberer et al., 2001 ) and haploid fruiting in Cryptococcus neoformans (Alspaugh et al., 2000; Waugh et al., 2002) , it was speculated that they would suffer some regulation, pointing to the course of the dimorphic transition in P. brasiliensis. Expression levels of ras1 and ras2 on cells undergoing the first 24 h of the mycelium-to-yeast transition were evaluated. It is important to mention that the gene coding for the chlathrin light chain (clat) was chosen as the internal control because its corresponding PbAESTs were equally distributed in the mycelium and yeast partial transcriptomes analysed by the authors' laboratory Felipe et al., 2005) . The sqRT-PCR confirmed its usefulness as a constitutive expression control (data not shown). Total RNA from each point of the differentiation was used in sqRT-PCR experiments with specific primers directed to ras1 and ras2 genes and to the internal control clat. Amplicons corresponding to ras1, ras2 and clat transcripts were quantified by densitometry. Figure 3a shows the quantification levels of the ras1 or ras2 product during the temperaturedependent dimorphic transition. After appropriate statistical analysis, no significant difference was observed in the expression levels of ras1 or ras2 at any point of the differentiation. The cellular differentiation dependent upon temperature change in dimorphic fungi is an event in which many genes must be tightly regulated. Nunes et al. (2005) identified by microarray 2583 genes with a modulated expression at some point of the differentiation of P. brasiliensis isolate Pb18. Among them figured as positively regulated in the M to Y direction: the calcineurin regulatory subunit, the Ca 21 /calmodulin-dependent protein phosphatase, protein kinase A and G proteins a and b. These proteins are common components of known signalling cascades that are involved in morphogenesis, differentiation, cell integrity, growth at a high temperature and virulence in several pathogens. The results indicate that P. brasiliensis ras genes do not have the expression modulated by temperature shifts and appear as constitutive genes during the dimorphic transition.
The involvement of Ras protein-controlled pathways in the heat shock response was reported previously for S. cerevisiae (Engelberg et al., 1994) . Independent of heat shock factor (HSF), the authors showed induction of heat shock proteins (HSPs) when Ras/cAMP/PKA signalling was blocked in yeast cells exposed to heat shock conditions, resulting in a thermo-tolerant phenotype. To analyse whether P. brasiliensis ras genes undergo any transcriptional modulation under heat shock, yeast cells were subjected to temperature shifts from 37 to 42 1C for 0, 15, 30, 60 and 120 min. The result showed that transcription of P. brasiliensis ras1 is modulated by heat shock at 42 1C. After 30-120 min, ras1 expression decrease sharply, falling to the lowest level at the 60-min point (Fig. 3b) . Conversely, ras2 is not induced or repressed during heatshock. As Ras proteins are important signalling molecules needed for diverse responses to different stimuli, it may be hypothesized that P. brasiliensis yeast cells keep ras2 as a constitutive expressed gene to respond immediately to stimuli other than a temperature shift and ras1 may be modulated specifically by heat shock at 42 1C. In vivo expression of ras1 and ras2 genes following P. brasiliensis yeast cells, internalization by murine macrophages When P. brasiliensis infects the host, the first defence line against the pathogen is lung macrophages. Inside nonactivated macrophages fungal propagules have to deal with the harsh phagosome environment before switching to the yeast pathogenic form. These cells may develop a latency state enabling survival until environmental conditions favours fungal replication and dissemination. The ability to survive is crucial for the establishment and progression of the infection in susceptible hosts and, according to Tavares et al. (2007) , it appears to be a consequence of genetic reprogramming of the pathogen. Those authors provided evidences that the fungus responds to the microenvironment in order to adapt mainly to the nutritional and oxidative stress generated by the phagosome.
In order to study the transcriptional profile of ras genes in the setting of the host-pathogen interaction, RNA obtained from P. brasiliensis yeast cells after 9 h of internalization by murine J774 macrophages was used. The semiquantitative analysis revealed that ras1 and ras2 are highly repressed -sixfold and three times, respectively, when compared with cells grown in vitro in Fava-Netto medium as a control (Fig. 4) . It is the first time that fungal ras expression modulation has been detected in the macrophage microenvironment.
The present results lead to the hypothesis that the modulation of ras expression inside macrophage cells is a response to the nutritional starvation that can be noted by the repression of the glycolytic pathway (Tavares et al., 2007) , accompanied by the induction of the glyoxylate cycle (L.S. Derengowski, pers. commun.) and the overall gluconeogenetic status of the yeast cell, as reported before. In good accordance with the present data, Breviario et al. (1988) demonstrated that RAS1 and RAS2 transcripts are downregulated under glucose starvation in S. cerevisiae.
In addition, Wang et al. (2004) , by analysing the transcriptional framework when Ras2 is induced, showed a repression of gluconeogenesis in S. cerevisiae. In fact, the Represents the semiquantitative analysis of P. brasiliensis ras1 and ras2 mRNA expression under each condition. The ras1 and ras2 transcript levels were calculated relative to the internal control l34. The grey columns correspond to ras1 transcripts, and the white columns correspond to ras2 transcripts. The semiquantitative analyses were performed exactly as described in Fig. 3 . Bars represent SEs of RT-PCR quadruple experiments, and asterisks indicate P o 0.05. phagosome is a nutritionally hostile environment with an extremely low pH and a surfeit of oxidative reactive species produced to counter the presence of the pathogen. Yeast cells respond to this aggression by modulating the transcriptional apparatus to survive even in the presence of the macrophage defences. The pathogen latency state seems to be the most reasonable strategy of the yeast cells to evade the host immune system. Based on this fact, downregulation displayed by both ras genes in yeast engulfed by host cells completely makes sense, because the situation is unfavourable to proliferation or differentiation.
Potential role of farnesylation in the dimorphism of P. brasiliensis
The high frequency of Ras mutations in human cancer and the elucidation of the role of farnesylation in proper membrane addressing of Ras motivated an increased search for farnesyltransferase inhibitors against malignant cells (Basso et al., 2006) . For the present studies, we chose the commercially available FPT inhibitor III (Calbiochem) due to its cell permeability and the previous results with the fungal pathogens Candida albicans (McGeady et al., 2002) and Cryptococcus neoformans (Vallim et al., 2004) . This compound blocks farnesyltransferase by competing with FPP for the active site of the enzyme. It did not produce any effect on the vegetative growth of Candida albicans, but led to a decreased rate in serum-induced conversion from yeast to pseudohyphae by this pathogen (McGeady et al., 2002) . Subsequently, Vallim et al. (2004) also detected no interference by FPT inhibitor III on the vegetative growth of Cryptococcus neoformans, but it was able to impair two cellular differentiation events in this pathogen: the haploid fruiting and mating. Because Ras proteins must be farnesylated to proper membrane signalling, it was decided to use FPT inhibitor III in P. brasiliensis to investigate a role for Ras and other possible farnesylated proteins in this pathogen.
FPT inhibitor III was tested during the vegetative growth of mycelium at 22 1C and yeast at 37 1C and during dimorphic transition from mycelium to yeast and back again. The MIC for Pb01 yeast cells was higher than 500 mM. The MIC data corroborate with Vallim et al. (2004) and McGeady et al. (2002) , who reported that high concentrations of the compound act on the vegetative growth of Cryptococcus neoformans and Candida albicans, respectively. No morphological difference to the control was detected on the vegetative growth of mycelium cells at 22 1C in the presence of the inhibitor even at 10 days of incubation at 500 mM (Fig. 5a) . Similarly, no alteration was detected during differentiation from mycelium to yeast at any of the concentrations tested (Fig. 5b) .
However, when the vegetative growth of yeast cells was evaluated at different concentrations of the inhibitor at 37 1C, the cells presented germinative tubes typical of mycelium that were not observed in the control (Fig. 5c) . It is important to note that this phenomenon in P. brasiliensis is strictly dependent on the temperature shift from 37 to 22 1C and that the blockage of farnesylation mimicked the process, thus favouring the filamentous form of the fungus.
In the yeast-to-mycelium transition experiment, yeast cells were incubated at 22 1C in the presence of 0, 125, 250 and 500 mM of the inhibitor. As can be seen, yeast cells also presented germinative tubes developing to produce true hyphal filaments in the presence of the inhibitor (Fig. 5d) . However, an increased amount of yeast cells with germinative tubes or true filaments was detected. The data show that the percentage of yeast cells displaying germinative tubes increased up to nearly twice the normal transition values for the highest concentration (Fig. 5e) . It is concluded that the inhibitor favours transition to mycelium in a dose-dependent fashion and perturbs the yeast phase by making the yeastto-mycelium transition a temperature-independent event.
As the farnesylation inhibitor is not specific for Ras protein incorporation into the membrane, the defects observed might result from the inhibition of other Rasrelated proteins that are also farnesylated. It is improbable that FPT Inhibitor III has any direct interference on the Rho-GTPase superfamily that includes RhoA, Rac and Cdc42, as they are geranylated instead of farnesylated (Arellano et al., 1999) . From the 30 proteins known to be farnesylated in the human cells (Appels et al., 2005) , two of them, Rheb and Ras, are reported to be involved in the growth and differentiation in response to different stimuli in fungi (Aspuria & Tamanoi, 2004) . The Rheb protein has been proposed to activate the Tor signalling pathway, which in turn controls cell differentiation in S. pombe (Alvarez & Moreno, 2006; Uritani et al., 2006) , Cryptococcus neoformans and Candida albicans (Rohde & Cardenas, 2004) . As for Ras, in a wide range of fungi, it is an upstream component of several signalling cascades. Ras proteins activate Cdc42 to promote cell polarity and mating process in S. pombe (Marcus et al., 1995) , filamentous growth in S. cerevisiae (Mosh et al., 1996) , vegetative growth and serum-induced dimorphic transition in Candida albicans (Leberer et al., 2001) , spore germination and polarized growth in P. marneffei (Boyce et al., 2005) and high-temperature growth and cellular differentiation in Cryptococcus neoformans (Vallim et al., 2005) .
In this work, it has been shown that impaired farnesylation promoted alterations in the vegetative growth of P. brasiliensis yeast cells and induced dimorphic transition from yeast to mycelium, but it could not be determined as to how and which farnesylated protein, whether Ras, Rheb or both, is controlling these events. It is known that P. brasiliensis possesses all signalling components involved in cellular differentiation and morphogenesis described for other fungi , including Tor-and Ras-controlled pathways, but the way in which they work and are connected and which signals activate them are yet to be elucidated.
The present studies show that P. brasiliensis has two ras genes that codify the Ras1 and Ras2 proteins. These genes are modulated negatively when yeast cells of this pathogen are in contact with host cells and this probably stems from the nutrient limitation and the harsh environment encountered by the fungus. However, only ras1 displayed heatshock triggered mRNA suppression, although neither gene responds to dimorphic transition. These data suggest a modulation of ras based on the signal that is conveyed to the cell. Still, the cascades that Ras controls and their connections must be studied further, but the importance of Ras proteins in the pathobiology of P. brasiliensis is already notable. To address the many questions that have arisen from this work, the authors are developing an RNA interference strategy for functional gene analysis in this pathogen. Gene silencing is preferable to classical disruption due to the unfeasibility of knock-out approaches on P. brasiliensis multinucleated and multibudding yeast cells. This first analysis of ras genes provides an avenue of possibilities for the characterization of P. brasiliensis signalling cascades and their components, which will certain lead to new insights into adaptive responses, morphogenesis control, virulence, and pathogenicity of this fungus.
